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ABSTRACT Soil microbiota plays fundamental roles in maintaining ecosystem func-
tions and services, including biogeochemical processes and plant productivity. Despite
the ubiquity of soil microorganisms from the topsoil to deeper layers, their vertical dis-
tribution and contribution to element cycling in subsoils remain poorly understood.
Here, nine soil profiles (0 to 135 cm) were collected at the local scale (within 300 km)
from two canonical paddy soil types (Fe-accumuli and Hapli stagnic anthrosols), repre-
senting redoximorphic and oxidative soil types, respectively. Variations with depth in
edaphic characteristics and soil bacterial and diazotrophic community assemblies and
their associations with element cycling were explored. The results revealed that nitro-
gen and iron status were the most distinguishing edaphic characteristics of the two
soil types throughout the soil profile. The acidic Fe-accumuli stagnic anthrosols were
characterized by lower concentrations of free iron oxides and total iron in topsoil and
ammonia in deeper layers compared with the Hapli stagnic anthrosols. The bacterial
and diazotrophic community assemblies were mainly shaped by soil depth, followed
by soil type. Random forest analysis revealed that nitrogen and iron cycling were
strongly correlated in Fe-accumuli stagnic anthrosol, whereas in Hapli soil, available
sulfur was the most important variable predicting both nitrogen and iron cycling. The
distinctive biogeochemical processes could be explained by the differences in enrich-
ment of microbial taxa between the two soil types. The main discriminant clades were
the iron-oxidizing denitrifier Rhodanobacter, Actinobacteria, and diazotrophic taxa (iron-
reducing Geobacter, Nitrospirillum, and Burkholderia) in Fe-accumuli stagnic anthrosol
and the sulfur-reducing diazotroph Desulfobacca in Hapli stagnic anthrosol.

IMPORTANCE Rice paddy ecosystems support nearly half of the global population
and harbor remarkably diverse microbiomes and functions in a variety of soil types.
Diazotrophs provide significant bioavailable nitrogen in paddy soil, priming nitro-
gen transformation and other biogeochemical processes. This study provides a
novel perspective on the vertical distribution of bacterial and diazotrophic com-
munities in two hydragric anthrosols. Microbiome analysis revealed divergent bio-
geochemical processes in the two paddy soil types, with a dominance of nitrogen-
iron cycling processes in Fe-accumuli stagnic anthrosol and sulfur-nitrogen-iron
coupling in Hapli stagnic anthrosol. This study advances our understanding of the
multiple significant roles played by soil microorganisms, especially diazotrophs, in
biogeochemical element cycles, which have important ecological and biogeochem-
ical ramifications.
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Paddy fields are critical for agricultural production worldwide and support more
than 50% of the world’s population (1). During periodic flooding-drying water man-

agement, paddy soils undergo dramatic vertical shifts in environmental conditions
(e.g., moisture, oxygen, redox conditions, and resource availability) (1–3). The soil
microbiotas inhabiting paddy soils are key drivers and indicators of multiple soil eco-
system functions throughout the soil profile, including biogeochemical element cy-
cling, soil formation, plant nutrient provision, and pollutant degradation (4, 5).
Although most studies have focused exclusively on the top 40 cm of soil (3, 6, 7), the
subsoil harbors more than two-thirds of the total soil nutrient pool and 35 to 50% of
soil microbial biomass (8, 9). The subsoil microbiota in terrestrial ecosystems (e.g., ara-
ble, forest, and karst soils) possesses intense activity (10) and differs from those in the
topsoil (8–13). Paddy soils represent an intermediate system between terrestrial eco-
systems and aquatic ecosystems, and the depletion of oxygen in paddy soil after flood-
ing leads to the prevalence of anaerobic microbial groups with specific functions (func-
tional microorganisms), including nitrate reducers, iron reducers, sulfate reducers, and
methanogens (14). However, information on the shifts in the microbial community
with depth in paddy soils and their functional potential is limited.

The soil profile reflects the specific developmental history of the soil and is ideal for
exploring the unique microbial communities in subsoils (15, 16). As a result of soil-
forming factors (e.g., climate, parent material, organisms, and time) and management
practices, soil systems gradually develop into distinct genetic horizons throughout the
soil profile, leading to vertical stratifications of soil physicochemical properties (16). As
for rice production, soil texture and nutrient availability along soil profile have been
shown to influence root morphology and total nutrient uptake, thereby determining
crop productivity (17). Some metallic elements (e.g., Fe and Mn) accumulated around
roots could facilitate the exclusion of heavy metal uptake, thereby reducing phytotox-
icity (18). Soil microbial community structure and functional profile could be also hori-
zon-specific (16), but the majority of studies of microbial distribution artificially sepa-
rate the soil profile into uniform depths (layers of 10 to 20 cm) (19–21), overlooking
the discontinuity and inhomogeneity among distinct layers (16). Application of sam-
pling increments based on distinct genetic horizons along the soil profile can provide
statistically significant resolution for the analysis of edaphic physicochemical stratifica-
tion and microbial responses with depth (22). Analyzing the genetic features (e.g., soil
color and edaphic characteristics) of distinct horizons throughout the soil profile for
soil stratification, which is generally applied for soil diagnostics and classification,
would provide high resolution for studying depth-related changes in soil microbial
community structure and their associations with element biotransformation (16, 23).

Soil microbial distribution patterns are also influenced by soil type (24, 25). Paddy
soils evolve into a variety of types depending on topography, flooding history, ground-
water table, and parent materials (15). Based on soil moisture regimes and associated
redoximorphic features, as revealed by the genetic horizons across the soil profile,
paddy soils can be grouped into three types: oxidizing, redoximorphic, and reducing
(15). Redoximorphic soils are characterized by both reducing and oxidizing environ-
ments throughout the soil profile and usually have a history of long-term flooding and
seasonal fluctuations of groundwater. Oxidative soils are dominated by an oxidizing
environment in the soil profile and typically feature short-term flooding and deep
groundwater. Edaphic morphological and physicochemical properties throughout the
soil profile vary significantly among different paddy soil types, including differences in
soil pH, redox potential, and the accumulation of specific elements (e.g., iron [Fe] and
manganese [Mn]) (15). These differences are expected to be highly correlated with the
structure and functioning of the soil microbiome (24). Compared with the plough layer,
which is highly modified by anthropogenic management, the edaphic properties and
microbial activity in subsurface horizons are more sensitive to soil type (15). The few
studies of the temporal distributions of the bacterial and fungal communities in differ-
ent types of paddy soil have selected sampling sites across large geographical
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distances (.1,000 km between sites) (19, 21, 26); thus, the results might be signifi-
cantly influenced by distinct environmental variables (e.g., temperature and precipita-
tion). Studies at a local scale would more precisely reflect the associations between
microbiota and edaphic features throughout the profiles of different soil types.

In addition, examining functional microbiomes, such as the diazotrophic commu-
nity, would improve the accuracy and resolution of assessments of microbial commu-
nity function (27). Nitrogen (N2)-fixing microorganisms are the predominant source of
active N in the biosphere (;50 to 70 Tg N year21 to agricultural systems) (28, 29). As a
key driver of global N dynamics, versatile diazotrophs also participate in other major
biogeochemical cycles, such as carbon sequestration and Fe and sulfur (S) cycling (14,
28, 30–35). However, studies of the biogeographic patterns of diazotrophic commun-
ities in paddy soils in recent decades have focused only on topsoil (6, 25). Studies
showed that Cyanobacteria and Proteobacteria were the dominant diazotrophs and are
critical for N2-fixing activity in the superficial layer of paddy soils (8, 36, 37). However,
due to vertical changes in soil conditions (e.g., pH, redox potential [Eh], oxygen, and
light), the composition and activity of the diazotrophic community may vary through-
out the soil profile (13). Therefore, deeper exploration of the diazotrophic community
assembly in the deep layers of paddy soils and its contribution to element biogeo-
chemical cycles in different soil types is needed.

The community structure of soil microbiota is closely linked to biogeochemical ele-
ment cycling, soil formation, and crop productivity, but the response of the microbial
community, especially N2-fixing microorganisms, to soil depth and types in paddy soils
remains largely unknown. In this study, paddy soils in Anhui Province, a major rice pro-
duction area in China (38), were sampled at nine sites separated by a maximum dis-
tance of 300 km to minimize the effects of spatial distance and climate on edaphic
properties and the microbial community (Fig. 1A). At each site, one soil profile (0 to
135 cm) was excavated. According to the redoximorphic features and degree of paddy
soil development indicated by the genetic horizons, two canonical paddy soil types
were classified: (i) Fe-accumuli anthrosol, a redoximorphic type, and (ii) Hapli stagnic
anthrosol, an oxidative type (15, 39, 40). The abundance and structure of the bacterial
and diazotrophic communities at each horizon were assessed using quantitative PCR
(qPCR) and Illumina MiSeq sequencing. We posited that (i) both paddy soil type and
depth affect edaphic characteristics and microbial community assembly and (ii) varia-
tions in microbial community assembly throughout the soil profile are correlated with
differences in soil functioning between the two paddy soil types.

RESULTS
Edaphic characteristics throughout the profiles of the two paddy soil types.

Throughout the profiles of the sampled paddy soils, obvious stratification of the soil
was noted (Fig. 1B). At each genetic horizon, the morphological characteristics and
edaphic properties differed greatly between the two soil types (see Fig. S1 in the sup-
plemental material). In general, soil pH increased markedly and approached 7 with
increasing soil depth at all sampled sites. Compared with the topsoil (w1), the deeper
layers (w2 to w4) harbored significantly lower concentrations of some nutrients
(P , 0.01), such as organic matter (OM), N (total N, available N, and NH4

1-N), P (total
and available P), Fe (total and available Fe), and Mn (total and available Mn). In con-
trast, K, Ca, and total Mg/Cu/Zn did not differ significantly with soil depth (Fig. S1).

Soil pH, Fe, and N were the most differentiated edaphic properties between the
two paddy types (Fig. 1C and Fig. S1). The pH in the upper layers (w1 and w2) was sig-
nificantly lower (4.90 to 6.61) in Fe-accumuli than Hapli (pH 5.47 to 7.27) (P , 0.05)
stagnic anthrosol, whereas the pH in the deep layers (w3 and w4) was not significantly
different between the two soil types (P . 0.05). The accumulation of reddish Fe oxides
(Fe plaque) in the subsurface layer (hydragric horizon) is a diagnostic feature of Fe-
accumuli soil (Fig. 1B), and for this soil type the levels of free Fe oxides (.1.5-fold) and
total Fe were higher in the subsoil (w2) than in the surface horizon (w1) (Fig. 1C). In
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contrast, available Fe tended to be enriched in the superficial layers of Fe-accumuli,
and the concentration of available Fe was significantly higher in this soil type than in
the topsoil of Hapli (P , 0.05). In terms of N status, Fe-accumuli appeared to be
depleted in total N and NH4

1-N in deep layers (w3 and w2 to w4, respectively), the lev-
els of which differed significantly (P , 0.05) between the two soil types. These edaphic
differentiations were also confirmed by random forest (RF) classification analysis, which
revealed that soil type was best distinguished by free Fe oxides in topsoil and NH4

1-N
in deep layers (w2 to w4) (Fig. S2).

Divergent assembly patterns of microbial communities throughout the profiles
of the two soil types. The vertical assembly patterns of the total bacterial and diazo-
trophic communities in the two soil types were analyzed. As soil depth increased, bac-
terial and diazotrophic a-diversity indices, including observed operational taxonomic
unit (OTU) (Sobs; richness) and Shannon (taxonomic diversity) indices, displayed
decreasing trends (Fig. S3), consistent with the patterns of the gene abundances of
total bacteria (16S rRNA) and nifH genes quantified by qPCR (Fig. S3). However, micro-
bial diversity and abundance did not differ significantly (P . 0.05) between the two

FIG 1 (A) Location of paddy soil sampling sites (Anhui Province, China). The maps are from the DataV.GeoAtlas data visualization platform and use data
from the Autonavi open platform. (B) Representative soil profiles of Fe-accumuli and Hapli stagnic anthrosols. (C) Variations in the main differentiated
edaphic properties (soil pH, N, and Fe) in the two typical paddy soil types throughout the soil profiles. Significant differences were evaluated according to
Mann-Whitney nonparametric tests (*, P , 0.05; **, P , 0.01; ****, P , 0.0001). Data from the fifth soil layers (w5) are not shown because only two profiles
(a363 and a418) possessed w5.
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soil types, except for significantly higher bacterial and diazotrophic abundances in
the w2 layer of Fe-accumuli. In partial least-squares discriminant analysis (PLS-DA),
soil samples from Fe-accumuli and Hapli formed distinct clusters (Fig. 2A and B).
Analysis of similarities (ANOSIM) and permutational multivariate analysis of variance
(PERMANOVA or ADONIS) analysis further confirmed shifts in the structures of the bac-
terial and diazotrophic communities with both soil depth and type, with statistically
significant differences at the OTU/operational protein unit (OPU) level (P # 0.001)
(data not shown).

Environmental factors shape microbial assembly. Applying the partial Mantel test
to whole layers between soil types revealed that the diazotrophic community was
more sensitive to geographic distances (R = 0.28 to 0.32) than to environmental heter-
ogeneity (R = 0.13 to 0.19), whereas geographic and environmental variables contrib-
uted relatively equally to bacterial community dissimilarity (Table S2). These data were
further confirmed by distance-decay patterns (Fig. S4). Environmental and geographic
distances exerted greater impacts on diazotrophic community dissimilarities in Fe-
accumuli (R = 0.19 and 0.32, respectively) than in Hapli (R = 0.13 and 0.28, respectively).
Similar trends were observed for the bacterial community.

The Mantel test further showed that the structures of the bacterial and diazotrophic
communities were significantly and strongly correlated with edaphic properties (e.g.,
soil pH and available Mg, Ca, N, and Fe), except for soil texture (clay, sand, and silt),
total Mg, and total Mo (Fig. S5). Comparison of the soil types revealed more significant
correlations between microbial community assembly and edaphic factors in Fe-accu-
muli than in Hapli. The three most differentiated indices (NH4

1-N, available Fe, and free

FIG 2 (A and B) Partial least-squares discriminant analysis (PLS-DA) plots showing the turnover of bacterial and diazotrophic community structures based
on Bray-Curtis distances. (C and D) Bacterial and diazotrophic community compositions associated with the two types of paddy soils at the family and
genus levels, respectively. Asterisks indicate significant differences according to Mann-Whitney nonparametric tests (FDR-corrected P value). (E) Impact of
soil depth and type on edaphic variables and functional gene abundances determined by two-way ANOVA. (F) Factors determining the variation in
bacterial and diazotrophic communities using PERMANOVA (999 permutations) of Bray-Curtis dissimilarity distances for the indicated factors. In each
analysis, F, the P value, and the percentage of variation (%) explained by each factor refer to the total variance reported. ***, P , 0.001; **, P , 0.01; *,
P , 0.05; ns, not significant.
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Fe oxides) between the two soil types were significantly correlated with bacterial and
diazotrophic community structures in Fe-accumuli (P , 0.05) but not Hapli (P . 0.05),
except for an obvious effect of available Fe on the diazotrophic community in Hapli
(P, 0.05).

Impacts of soil depth and type on edaphic properties and microbial community
assembly. To evaluate the impacts of soil depth and type on edaphic properties, two-
way analysis of variance (PERMANOVA) was applied (Fig. 2C). Soil pH, N status (avail-
able N and NH4

1-N), available Fe, total P, and total Mn were significantly influenced by
both soil depth and type (P , 0.05). OM, total N, total Fe, and available elements (S, P,
Mn, Zn, and Cu) were significantly influenced only by soil depth (P , 0.05), whereas
significant impacts of soil type were restricted to K content and some micronutrients
(total Zn and total Mo, available Ca and available Mg) (P, 0.05).

PERMANOVA also confirmed that the microbial populations were significantly sensi-
tive to both soil depth and type (Fig. 2D). Soil depth was the major determinant of bac-
terial and diazotrophic community structure separation, explaining 13.04% and 9.42%
of the observed structure variation (P = 0.001), respectively, followed by soil type
(7.58% and 6.72%, P = 0.001).

Identification of discriminant microbial taxa characterizing soil types. Throughout
the entire soil profile,Micrococcaceae, Anaerolineaceae, Oxalobacteraceae, Xanthomonadaceae,
and norank taxa belonging to Nitrospira were the dominant bacterial families,
accounting for 21.72% and 28.84% of abundance in Fe-accumuli and Hapli, respec-
tively (Fig. 2E). In the diazotrophic community, Bradyrhizobium was the major genus
(21.11 and 26.27% in Fe-accumuli and Hapli, respectively), followed by Geobacter
(7.63 and 4.75%), Azoarcus (7.18 and 3.96%), Leptothrix (4.90 and 6.42%), and
Heliobacterium (2.06 and 4.16%) (Fig. 2F).

Among the significantly differentiated bacterial taxa between the two soil types (at
the family level, P , 0.05; Fig. S6A), Acidobacteriaceae subgroup 1 was enriched in the
topsoil (w1) of Fe-accumuli. Xanthomonadaceae (especially Rhodanobacter, which was
enriched in all layers), norank family, belonging to Saccharibacteria (w3), Actinobacteria
(Nocardioidaceae and Streptomycetaceae in w2 and w3), and Sphingomonadaceae (w4),
were characteristic of Fe-accumuli. Among the classified bacterial taxa in Hapli,
Xanthobacteraceae and Oxalobacteraceae (especially Massilia) were enriched in the top-
soil (w1), while Anaerolineaceae was enriched in the subsurface layers (w2 to w4).

Among diazotrophs (Fig. S6B), the differentiated taxa in Fe-accumuli accounted for 70
to 80% of all the discriminant genera, including Geobacter (w2 and w4) and aerobic diazo-
trophs in the deep layers (Azoarcus, Burkholderia, and Nitrospirillum in w3 and w4, Frankia
and Xanthobacter in w3). Hapli was characterized by Bradyrhizobium, Heliobacterium
(w2), and anaerobic sulfur-reducing bacteria (SRB), including Desulfobacca (w1 to
w3), Desulfovibrio (w3), and Desulfomonile (w4). The discriminant microbial taxa
were also confirmed by random forest (RF) classification analysis, which showed that
soil type could be correctly predicted by 81.50 to 96.30% of the variations in micro-
bial composition, with higher assessment accuracy for bacterial predictors than for
diazotrophic genera (Fig. S7).

Contributions of edaphic and microbial variables to the differentiation of soil
N and Fe cycling processes. The potential contributions of edaphic properties and mi-
crobial variables (abundance, richness, Shannon index, and b-diversity) to the varia-
tions in soil N and Fe cycling processes between the two soil types were evaluated by
RF analysis. To comprehensively evaluate N/Fe cycling processes (the most differenti-
ated properties between the two soil types), N and Fe cycling indices were determined
by normalizing and standardizing each of the N- or Fe-related nutrient properties for
each horizon (Fig. 3A) (41). The variations in N and Fe cycling indices between the two
soil types were strongly predicted by edaphic properties (R2 = 0.94 to 0.99, P = 0.01;
Fig. 3B) and by microbial variables (R2 = 0.69 to 0.80, P = 0.01; Fig. 3C). In Fe-accumuli,
available Fe was the most important variable for explaining the variation in the N cy-
cling index (Fig. 3B). Cu was the top explanatory factor for the Fe cycling index, and N
status (NO3-N, NH4

1-N, and available N) also contributed significantly to the Fe cycling
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index in Fe-accumuli (P , 0.05). In contrast, in Hapli, available S was the most impor-
tant variable for predicting both the N and Fe cycling indices. Among microbial predic-
tors, diazotrophic and bacterial abundances best predicted the dynamics of the soil N
and Fe cycling indices (P, 0.01), followed by microbial b-diversity (P , 0.05) (Fig. 3C).

To evaluate the potential functions of the discriminant microbial taxa in the two
soil types, the potential bacterial and diazotrophic drivers predicting the soil N and Fe
cycling indices were determined by RF analysis. The microbial predictors of soil N and
Fe cycling varied greatly among distinct soil horizons (Fig. 4). Among the discriminant
bacterial genera in Fe-accumuli, Rhodanobacter, which was enriched throughout the
soil profile, was important for predicting N cycling in the deep layers (w3 and w4) and
Fe cycling in all layers (Fig. 4A and B). Actinobacteria (Nocardioides w3) were involved
in soil N cycling in the upper layers (w1 and w2) and Fe cycling in the deep layers (w2
to w4, such as Nocardioides). Analysis of the Hapli samples indicated that taxa belong-
ing to Anaerolineaceae (w2 to w4) (e.g., Anaerolinea) participate in soil N cycling in the
upper layers (w1 and w2).

In the diazotrophic community, Geobacter, which was characteristic of Fe-accumuli,
was a significant predictor of both N and Fe cycling in the deepest layers (w3 and w4;
P , 0.05) (Fig. 4B and C). The enriched aerobic diazotrophs in Fe-accumuli, especially
Burkholderia and Nitrospirillum, were pivotal in predicting N cycling in the deep hori-
zons (w3 and w4), whereas Xanthobacter (w3) explained the variation in the Fe cycling
index (Fig. 4C to D). In Hapli, the anaerobic SRB Desulfobacca contributed significantly
to soil N cycling throughout the whole profile and the Fe cycling index in the top (w1)
and bottom horizons (w3 and w4) (Fig. 4D).

DISCUSSION

The subsoil ecosystem, consisting of complicated interplays among root, soil, and
microorganisms, contributes greatly to the overall quality of soils (4). A better under-
standing of the microbial mechanisms driving soil quality and functioning is important
for maintaining a productive soil environment for sustainable crop production (4).
Clues from the soil profile can provide a detailed picture of what a soil is and does

FIG 3 (A) Average nitrogen (N) and iron (Fe) cycling indices in the two paddy soil types throughout the soil profiles. Significant differences were evaluated
according to Mann-Whitney nonparametric tests. (B and C) Random forest regression models. (B) Mean predictor importance (increase in MSE%; percentage
increase in mean square error) of edaphic properties and microbial factors as explanatory variables for the soil N and Fe indices of the two soil types in the
whole profile. Only the top 15 significant variables are shown. Elements related to the coupling of N-Fe-sulfur cycles are highlighted in boldface. (C)
Potential microbial drivers (bacterial and diazotrophic abundance, a- and b-diversity indices) predicting the soil N and Fe cycling indices of the two soil
types throughout the whole profile. Only significant predictors are shown. Gene abundances were quantified by qPCR with specific primers. Microbial
richness is represented by Chao1. b-Diversity indicates the first principal coordinate of PLS-DA. Significance levels: *, P , 0.05; **, P , 0.01.
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from the standpoint of soil development (42). In the present study, we found that soil
nutrient status (especially the lower N and Fe cycling indices in Fe-accumuli soil) and
microbial community assemblies in paddy soils varied significantly at the local scale
depending on soil horizons, followed by soil types. In Fe-accumuli stagnic anthrosol, N
and Fe cycling were strongly correlated (Fig. 3B) and may have been correlated with
the main discriminant clades, the Fe-oxidizing denitrifier Rhodanobacter, and Fe-reduc-
ing diazotroph Geobacter. In contrast, in Hapli stagnic anthrosol, available S was the
most important variable determining the N and Fe cycling indices, and turnover in S-
N-Fe cycling may have been driven by the sulfur-reducing diazotroph Desulfobacca.
Our results give distinct pictures of the divergent biogeochemical processes in the two
paddy soil types that may be correlated with distinct microbial taxa (Fig. 5).

Our results showed that both soil depth and type influenced edaphic characteristics
and microbial community assembly in the paddy soils, with a more significant impact
of soil depth. In general, nutrient levels were higher in the topsoil than in deep layers,
especially nutrients limiting for plant growth (e.g., OM, total N, NH4

1-N, total P, avail-
able P, and available microelements), consistent with previous reports in dryland and
paddy soils (7, 12, 19). Microbial abundance and diversity were also significantly higher
in the upper layers (see Fig. S3 in the supplemental material), which could be related
to a proper environment for microbial growth (e.g., light, oxygen, and enriched
nutrients) in the plough layers (12). A few studies have reported decreases in diazotro-
phic abundance with depth (43, 44), but our data go further by providing a detailed

FIG 4 Potential bacterial (A and B) and diazotrophic drivers (C and D) predicting soil nitrogen (N) and iron (Fe) cycling indices in the whole profile and the
superficial, second (2nd), and deep layers (3rd to 4th), respectively, as revealed by random forest analysis. *, P , 0.05; **, P , 0.01. Genera that are
highlighted in red boldface are enriched in Fe-accumuli stagnic anthrosol, while taxa that are highlighted in blue boldface are abundant in Hapli stagnic
anthrosol.
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representation of the changes in diazotrophic diversity and structure in subsoils, which
differed significantly from those in topsoil (Fig. 2). However, the responses of microbial
populations to soil depth depend on sampling site and microbial groups. Li et al.
reported that at depths below 40 cm, the relative abundances of bacteria and fungi
increased with depth at some sample sites, whereas the population of actinomycetes
decreased (19). The different responses of distinct microbial groups to soil depth may
reflect divergent requirements for nutrients and environmental factors such as oxygen,
moisture, light, and pH (2, 45).

Paddy soil type was a secondary explanatory variable for the variations in edaphic
factors and microbial community assembly. At each genetic horizon, microbial commu-
nity abundance and diversity were generally consistent between the two paddy soil
types (Fig. S3). In contrast, the structures of the bacterial and diazotrophic commun-
ities differed significantly, albeit slightly, between the two paddy soil types (Fig. 2),
which could be attributed mainly to differences in the number of years of rice cultiva-
tion and the underground water table (15). The differences in fertilization practices in
these sampling zones might also contribute to the dissimilarity in microbial community
(3, 46). In contrast to the overwhelming contribution of soil depth to microbial commu-
nity compared with soil type observed here, previous studies conducted at larger geo-
graphic scales have found a greater impact of soil type on microbiomes (6, 21, 24). Bai
et al. showed that soil type exerted more significant impacts on bacterial and fungal di-
versity than soil depth in samples collected at large geographic distances (i.e., more
than 1,000 km), and significant variations in functional structure were observed only
among soil types and not among profile depths (21). Significant differences in topsoil
diazotrophic communities between different soil types have also been observed in dry-
land but may reflect long distances between sampling sites and differences in climate
and agricultural practices (25). In addition, previous studies have rarely separated soil
horizons using genetic features, which might facilitate the identification of vertical
changes in soil profiles. When combined with previous results, our data highlight the
need to sample multilayered soil profiles, especially using genetic horizons, to compre-
hensively understand the structure and function of soil microbiomes.

The two representative paddy soil types identified here displayed divergent mor-
phological and pedological features (especially for Fe and N contents) throughout the
soil profile (Fig. 1B and C). Among Fe-related parameters, the topsoil of Fe-accumuli
stagnic anthrosol tended to be bleaching, with 1.5 times fewer free Fe oxides than in
the subsoil (Fig. 1C and Fig. S1) compared with the Hapli stagnic anthrosol, which had a
shorter rice planting period (15, 39). The loss of Fe oxides in Fe-accumuli topsoil may be

FIG 5 Proposed representative cycling processes of multiple elements (nitrogen, iron, and sulfur) in Fe-accumuli and Hapli stagnic anthrosols. FeRB, Fe31-
reducing bacteria; FeOB, Fe21-oxidizing bacteria; SRB, sulfate-reducing bacteria; SOB, sulfur-oxidizing bacteria.
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the result of intense ferrolysis (reduction of Fe31 to Fe21) and consequent reductive eluvia-
tion of more soluble Fe21 under long-term anoxic waterlogged conditions (40), which
might be related to the enrichment of Geobacter in this soil type (Fig. 4 and Fig. S6B and
S7B). During the flooding of paddy soil, Fe31 reduction is a typical terminal electron-
accepting process at interfaces (e.g., water-soil and the rhizosphere), which is dominated
by the Fe31-reducing bacteria (FeRB) Geobacter and Anaeromyxobacter, as revealed by 13C-
RNA-stable isotope probing (SIP) (1, 47). Deposition of extremely insoluble Fe/Mn oxides
(Fe plaques) was observed in the hydragric horizon of Fe-accumuli soil (submerged type),
imparting a reddish color (48), but not in well-drained soils (1). Fe plaques are considered
to affect nutrient supply to the roots and, further, rice growth through influencing the
transformation of multiple elements (e.g., carbon, N, and P) (1). For example, Fe plaque is
believed to be a medium for rice P uptake, which significantly improves the P availability
around the root surface (1). Rhodanobacter, which was enriched in Fe-accumuli, is known
for its nitrate-reducing Fe21-oxidizing ability under anaerobic conditions (49), which might
explain the presence of Fe oxides and denitrification in this soil type. In addition, the acidic
conditions (pH 5.346 0.49) in the upper layers of Fe-accumuli soil might facilitate Fe activ-
ity and availability via Fe reduction (50). Acidobacteriaceae, which were enriched in Fe-
accumuli topsoil (Fig. S6A), is commonly found in oligotrophic and low-pH conditions,
such as paddy soils, forest soils, and especially acid mining areas (51–54).

The N cycling index was another edaphic factor that was differentiated between
the two soil types. NH4

1-N content decreased more sharply with depth in Fe-accumuli
soil than in Hapli soil. Rice plant prefers NH4

1-N to NO3
2-N as an N source (1). For Hapli

type soil, the greater supply of NH4
1-N in the subsoils might contribute to root growth

and plant nutrition through an enhanced photosynthesis rate (55). The lower NH4
1-N

storage in Fe-accumuli soil might be attributable to the reduced N input provided by
diazotrophs and high N loss mediated by denitrification. In paddy soils, NH4

1-N fixed
by diazotrophs is the major source of reactive N for rice and heterotrophic organisms
(29) and is also the most important factor shaping the diazotrophic community (56).
The depletion of NH4

1-N in Fe-accumuli subsoils might be attributable to the detri-
mental impact of acidic conditions in ferrosols on diazotrophic growth and nitrogenase
activity (25). Previous studies have shown that N2-fixing ability is weaker in acidic soils
than under neutral conditions (6). Notably, acidic Fe-accumuli tended to harbor high
nifH abundance in the w2 layer (Fig. S3), consistent with previous studies, which might
represent a compensation strategy of indigenous diazotrophs under N deficiency (6).
Moreover, the relatively long-term flooding history of Fe-accumuli soil would be con-
ducive to anoxic ammonia oxidation, nitrate leaching, and denitrification, thereby
resulting in N loss, especially in the anaerobic deep layers (57, 58). In addition, Mo, a
core element for the N cycle (e.g., N2 fixation, nitrification, denitrification, and dissimila-
tory nitrate reduction to ammonium) (59), was positively correlated with the N cycling
index and diazotrophic community indices (Fig. 3B and Fig. S5). Mo deficiency-medi-
ated suppression of N2 fixation capacity is a prevalent phenomenon in agricultural
soils, with a threshold available Mo concentration of 0.15 mg kg21 (37). In acidic Fe-
accumuli, Fe and aluminum (Al) precipitation induce the formation of recalcitrant Mo
(6, 50). The lower available Mo content in Fe-accumuli (0.02 6 0.01 mg kg21; Table S1)
compared with Hapli might also limit nitrogenase activity and thereby impede the Mo-
dependent N cycle.

In this study, the majority of diazotrophs discriminating the two soil types were
aerobes that were enriched in Fe-accumuli (Fig. S7B). Some of these species are facul-
tative anaerobes or perform microaerobic respiration, such as Nitrospirillum and
Burkholderia (60, 61), which were critical for predicting N cycling in the deep layers of
Fe-accumuli soil. The ability of these species to adapt to anoxic conditions might be
related to the acid status and periodic redox alternation in this redoximorphic soil.
Facultatively anaerobic diazotrophs reportedly can adapt to acidic conditions and act
as dominant N2 fixers (62). The microaerobic respiration of diazotrophs could be more
suitable for the functioning of oxygen-sensitive nitrogenase. Future studies could use
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15N2-DNA-SIP to identify active N2 fixers in soils, such as cyanobacteria (mainly
Nostocales and Stigonematales) in paddy topsoil (36). Combining DNA-SIP with nitroge-
nase activity analysis would further reveal whether these discriminant diazotrophs truly
function in deep layers (6, 31).

Edaphic and microbial predictors (especially for the diazotrophic community) differed
markedly between the two soil types, indicating distinctive element cycling processes. In
Fe-accumuli, available Fe was the most important variable for controlling N cycling proc-
esses, and N pool status (NO3-N, NH4

1-N, and available N) was strongly correlated with the
Fe cycling index (Fig. 4B). Microbe-mediated coupling of the Fe and N cycles is typical of
paddy soils (1). The two differentiated taxa in this soil type, Geobacter and Rhodanobacter,
are expected to be related to coupling of N and Fe cycling. Geobacter, the diazotrophic
keystone for N2 fixation in paddy soils (56), was identified as the discriminant taxon for Fe-
accumuli (Fig. S6B and S7B) and was involved in both the Fe and N cycling indices (Fig. 4B
and C). Anaerobically respiring Geobacter are a clade of active dissimilatory FeRB in rice
paddy soil (47, 63). Geobacter-mediated Fe-ammox (iron reduction coupled to anaerobic
ammonium oxidation) causes N loss from paddy soil (30), and stimulating Fe31-reducing
Clostridiales can improve the diazotrophic population in paddy soil (64), which might
explain the elevated diazotrophic abundance in the subsurface of Fe-accumuli (Fig. S3).
The denitrifying bacterial genus Rhodanobacter was another differentiated indicator of Fe-
accumuli throughout the soil profile (Fig. S6B and S7B). The contribution of this anaerobic
species to N and Fe cycling (Fig. 4A and B) might be due to its nitrate-dependent Fe-oxi-
dizing capacity, which dominates in acidic nitrate-uranium-contaminated subsurface envi-
ronments (65). Additionally, it is worth noting that microbial taxa present in a certain soil
type not only exert impacts on soil nutrients but also continuously respond to changes of
soil conditions (4). The structure and potential functioning of specific microbial taxa
should be a result of the complex and dynamic interplays between microbial community
and soil characteristics over time.

In Hapli, available S best predicted N and Fe cycling indices (Fig. 3B). Consistent with
this finding, Hapli was characterized by large amounts of nifH-containing SRB across the
soil profile, including Desulfobacca and Desulfovibrio (Fig. S6B and S7B), which contributed
significantly to both the Fe and N cycling indices (Fig. 4C and D). Some sulfur-reducing
and sulfur-oxidizing microorganisms have been reported to act as active N2 fixers in eco-
systems such as sulfidic sediments (31, 66, 67). Obligately anaerobic Desulfobacca belong-
ing to Syntrophaceae have been identified as major acetate-degrading SRB and common
N2 fixers in paddy soils (6, 68), and some reports indicate that Desulfobacca are aerotoler-
ant and exist in the surface layer of paddy soils (51). In flooded soil, electron acceptors are
reduced sequentially according to thermodynamic theory, with oxidative capacity in the
order of oxygen. NO3

2 . sulfate and Fe31 oxides (47). Some SRB (e.g., Desulfovibrio and
Desulfotomacufum) are also facultative FeRB or trigger Fe reduction indirectly via sulfide
production, a dominant force in Fe biogeochemical cycling (33–35). Bao and Li observed
coupling between ferrihydrite reduction and anaerobic ammonium oxidation driven by
sulfur redox cycling in paddy soils (14), and a similar process may be involved in the S-Fe-
N biogeochemical cycling in Hapli. To obtain a comprehensive understanding of the
mechanisms coupling multielement biogeochemical processes in paddy soils, future
work should incorporate metagenomic approaches and hydrogeochemical evidence for
element transformation (69).

Conclusions. The understanding of microbial assembly and biogeochemical proc-
esses in the deep subsurface remains limited, especially for different paddy soil types
with distinctive redox reactions. Our results provide an integrated perspective on the
vertical assembly of soil bacterial and diazotrophic communities in two typical paddy
soil types at the local scale. The communities were significantly influenced by soil
depth followed by soil type. Compared with the oxidative Hapli stagnic anthrosol, the
redoximorphic Fe-accumuli stagnic anthrosol was characterized by a lower Fe cycling
index in surface horizons and a lower N cycling index in deep layers. By quantifying
the contributions of microbial taxa to the differentiated soil N and Fe cycling indices,
our data suggest distinctive biogeochemical processes in the two paddy soil types:
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Fe-reducing Geobacter- and Fe-oxidizing Rhodanobacter-mediated Fe-N cycling in
Fe-accumuli and sulfur-reducing diazotroph Desulfobacca-mediated S-Fe-N cycling in
Hapli. These findings further highlight the significant roles played by diazotrophs (e.g.,
Geobacter and Desulfobacca) in coupling multiple element cycling processes at the
community level.

MATERIALS ANDMETHODS
Soil sampling. After the rice harvest, paddy soils were sampled from rice fields at nine sites across

Anhui Province, China, in October 2015 (Fig. 1A; see also Table S1 in the supplemental material) (maxi-
mum distance between two sites of 300 km). The main crop systems were rice-rice, rice-rape, or rice-
wheat crop rotation. Details of the sampling sites (e.g., climate and soil properties) are shown in
Table S1. At each site, one soil profile (2 m by 4 m, 80- to 120-cm depth) was excavated to the parent
material and divided into 3 to 5 horizons according to pedological characteristics. Based on the diagnos-
tic horizons (redoximorphic features and degree of paddy soil development) (15, 40), the nine profiles
were classified as two typical types of paddy soil: four as Fe-accumuli stagnic anthrosols and five as
Hapli stagnic anthrosols. For each horizon, nine soil cores were randomly collected using soil cutting
rings (around the middle zone of each horizon), and every three soil cores were pooled into a composite
sample as a replication. A total of 111 soil samples (9 profiles, 3 to 5 horizons for each profile, 3 replica-
tions for each horizon) were collected.

Visible plant tissues, stones, and debris were removed from the sampled soils, and each sample was
subdivided into three parts. The first portion, which was used for microbial community analysis, was
stored at 4°C in the field, transported in a cooler to the laboratory within 36 h, and stored at 280°C
before DNA extraction. The second portion was stored at 4°C and was used for the determination of soil
pH, moisture, soil nitrate (NO3-N), ammonium (NH4

1-N), and available inorganic P content. The third por-
tion was air dried and sieved through a 0.25-mm mesh for the analysis of other soil properties, including
soil OM, N, P, K, free Fe oxides, and microelements (Ca, Mg, Fe, Mn, Zn, Cu, and Mo). Detailed methods
for determining soil properties are provided in the Text S1.

DNA extraction, high-throughput sequencing, and qPCR. Total soil DNA was extracted from 0.5 g
of soil using a FastDNA Spin kit for soil (MP Biomedicals LLC, OH, USA) according to the manufacturer’s
protocol. The bacterial universal primer pair 515F (59-GTG CCA GCM GCC GCG G-39) and 806R (59-GGA
CTA CHV GGG TWT CTA AT-39), which targets the V4 hypervariable region of the microbial 16S rRNA
gene, was used to amplify the total bacterial community (70). The primer pair nifH-F (59-AAA GGY GGW
ATC GGY AAR TCC ACC AC-39) and nifH-R (59-TTG TTS GCS GCR TAC ATS GCC ATC AT-39) was used to
amplify the diazotrophic community (71). PCR amplification and product purification were conducted as
described previously (46), and the amplicons were sequenced using the Illumina MiSeq PE300 platform
(Majorbio Biotechnology Co., Ltd. Company, Shanghai, China). Quantitative PCR was performed for the
total bacterial and diazotrophic populations using an AceQ universal SYBR qPCR master kit (Vazyme
Biotech Co., Ltd., Nanjing, China) in a CFX96 optical real-time detection system (Bio-Rad, Laboratories
Inc., Hercules, CA, USA). Detailed methods are described in the Text S1.

Data analysis. Raw data from Illumina MiSeq high-throughput sequencing were analyzed using the
Quantitative Insight into Microbial Ecology (QIIME) 1.9.1 pipeline (12). Low-quality data were removed
(sequences with an average quality score of ,25 for 16S rRNA gene and ,20 for nifH). Chimeras were
removed using Usearch8 in de novo mode. For 16S rRNA gene analysis, sequences were assigned to
OTUs at 97% similarity by using UCLUST. Representative sequences for the 16S rRNA gene were aligned
by referring to SILVA database release 128 for bacteria at the 80% threshold (41). For diazotrophs, nifH
sequences were translated into amino acid sequences using the FunGene Pipeline of the Ribosomal
Database Project to remove sequences that failed translation using FrameBot (46). Sequences were clus-
tered into OPUs at 95% similarity by using UCLUST. All singleton OTUs/OPUs were deleted. To control
the heterogeneity of the number of sequences per sample, each sample of the data set was rarefied to
minimal sequencing depth before analyzing the alpha and beta diversity indices. Statistical analysis was
conducted using R software (version 3.4.1; R Software for Statistical Computing, Vienna, Austria) with
appropriate packages (e.g., vegan, picante, ggcrr, and labdsv; details are listed in the Text S1). Plots were
prepared using the package ggplot2 or pheatmap.

Assessing N and Fe cycling indices. Soil element cycling indices were quantified using the standar-
dized average of edaphic properties with the multifunc package (72). The N cycling index was calculated
using total N, available N, NO3-N, and NH4

1-N, and the Fe cycling index was evaluated using total Fe,
available Fe, and free Fe oxides (41, 72). For each index, related edaphic properties were normalized
(log10 transformed as required) and standardized to a common scale using Z-score transformation (5).

Random forest. Explanatory variables (environmental factors and microbial predictors) for soil type
and nutrient cycling indices were predicted by RF analysis with the Random Forest package (12). The im-
portance of each predictor was estimated by the percent increases in the mean square error (MSE) of
the explanatory variable between observations and predictions. The significance of the model and
cross-validated R2 values were assessed with 5,000 permutations of the response variables using the
rfUtilities package. The significance of predictor importance for the response variables was assessed
with the rfPermute package.

Data availability. The raw data were deposited in the National Center for Biotechnology Information
(NCBI) Sequence Read Archive (SRA) under accession number PRJNA639403 for bacteria and PRJNA639406
for diazotrophs.

Wang et al.

March/April 2022 Volume 7 Issue 2 e01047-21 msystems.asm.org 12

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

sy
st

em
s 

on
 2

4 
A

ug
us

t 2
02

2 
by

 1
31

.2
11

.1
05

.1
2.

https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA639403
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA639406
https://msystems.asm.org


SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
TEXT S1, PDF file, 0.6 MB.
FIG S1, PDF file, 0.4 MB.
FIG S2, PDF file, 0.2 MB.
FIG S3, PDF file, 0.5 MB.
FIG S4, PDF file, 0.3 MB.
FIG S5, PDF file, 0.5 MB.
FIG S6, TIF file, 1.5 MB.
FIG S7, TIF file, 1.2 MB.
TABLE S1, XLSX file, 0.04 MB.
TABLE S2, XLSX file, 0.01 MB.

ACKNOWLEDGMENTS
We thank Xiangzhen Li, Yansu Wang (Chengdu Institute of Biology, Chinese Academy

of Sciences), Kunkun Fan, Maomao Feng, and Shixiang Dai (Institute of Soil Science,
Chinese Academy of Sciences) for their assistance with the bioinformatics analysis and
experiments. We also thank Fei Yang for his generous help with soil classification. We
appreciate Nanjing FH-PRRTers for their support.

This study was funded by the National Natural Science Foundation of China (Key
Program no. 42130718; Youth Fund no. 41907138), National Key Research and
Development Program of China (2019YFC1803705), Special Project on the Basis of the
National Science and Technology of China (2015FY110700), Youth Fund of Jiangsu
Province (no. BK20191106), and Major Projects of the National Natural Science
Foundation of China (no. 41991335). Publication number 7354 of the Netherlands
Institute of Ecology (NIOO-KNAW).

Y.T. designed the experiments. X.M.W. performed the laboratory measurements and
data analysis and wrote the paper. W.J.R. collected the samples and helped with
experimental design. Y.T.L., T.Y., Y.C., and H.M.Z. helped with the bioinformatics
analysis. E.E.K., T.Y., Y.C., and L.Z. contributed to the data interpretation and revision. All
authors discussed the results and approved the final version of the manuscript.

REFERENCES
1. Wei XM, Zhu ZK, Wei LW, Wu JS, Ge TD. 2019. Biogeochemical cycles of

key elements in the paddy-rice rhizosphere: microbial mechanisms and
coupling processes. Rhizosphere 10:100145. https://doi.org/10.1016/j
.rhisph.2019.100145.

2. Noll M, Matthies D, Frenzel P, Derakshani M, Liesack W. 2005. Succes-
sion of bacterial community structure and diversity in a paddy soil oxy-
gen gradient. Environ Microbiol 7:382–395. https://doi.org/10.1111/j
.1462-2920.2005.00700.x.

3. Ding L-J, Su J-Q, Xu H-J, Jia Z-J, Zhu Y-G. 2015. Long-term nitrogen fertil-
ization of paddy soil shifts iron-reducing microbial community revealed
by RNA-13C-acetate probing coupled with pyrosequencing. ISME J 9:
721–734. https://doi.org/10.1038/ismej.2014.159.

4. Hermans SM, Buckley HL, Case BS, Curran-Cournane F, Taylor M, Lear G.
2020. Using soil bacterial communities to predict physico-chemical varia-
bles and soil quality. Microbiome 8:79. https://doi.org/10.1186/s40168
-020-00858-1.

5. Delgado-Baquerizo M, Maestre FT, Reich PB, Jeffries TC, Gaitan JJ, Encinar D,
Berdugo M, Campbell CD, Singh BK. 2016. Microbial diversity drives multi-
functionality in terrestrial ecosystems. Nat Commun 7:10541. https://doi
.org/10.1038/ncomms10541.

6. Wang XJ, Liu B, Ma J, Zhang Y, Hu T, Zhang H, Feng Y, Pan H, Xu Z, Liu G,
Lin X, Zhu J, Bei Q, Xie ZB. 2019. Soil aluminum oxides determine biologi-
cal nitrogen fixation and diazotrophic communities across major types of
paddy soils in China. Soil Biol Biochem 131:81–89. https://doi.org/10
.1016/j.soilbio.2018.12.028.

7. Li P, Li W, Dumbrell AJ, Liu M, Li G, Wu M, Jiang C, Li Z. 2020. Spatial varia-
tion in soil fungal communities across paddy fields in subtropical China.
mSystems 5:e00704-19. https://doi.org/10.1128/mSystems.00704-19.

8. Eilers JKG, Spencer DS, Suzanne AS, Fierer N. 2012. Digging deeper to find
unique microbial communities: the strong effect of depth on the struc-
ture of bacterial and archaeal communities in soil. Soil Biol Biochem 50:
58–65. https://doi.org/10.1016/j.soilbio.2012.03.011.

9. Fierer NF, Schimel JP, Holden PA. 2003. Variations in microbial community
composition through two soil depth profiles. Soil Biol Biochem 35:167–176.
https://doi.org/10.1016/S0038-0717(02)00251-1.

10. Jones DL, Magthab EA, Gleeson DB, Hill PW, Sánchez-Rodríguez AR, Roberts
P, Ge T, Murphy DV. 2018. Microbial competition for nitrogen and carbon is
as intense in the subsoil as in the topsoil. Soil Biol Biochem 117:72–82.
https://doi.org/10.1016/j.soilbio.2017.10.024.

11. Luan L, Liang C, Chen L, Wang H, Xu Q, Jiang Y, Sun B. 2020. Coupling bac-
terial community assembly to microbial metabolism across soil profiles.
mSystems 5:e00298-20. https://doi.org/10.1128/mSystems.00298-20.

12. Jiao S, Chen WM, Wang JL, Du NN, Li QP, Wei GH. 2018. Soil microbiomes
with distinct assemblies through vertical soil profiles drive the cycling of
multiple nutrients in reforested ecosystems. Microbiome 6:146. https://
doi.org/10.1186/s40168-018-0526-0.

13. Tang Y, Tian J, Li X, Yao M, Wang S, Kuzyakov Y, Dungait JAJ. 2021. Higher
free-living N2 fixation at rock-soil interfaces than topsoils during vegeta-
tion recovery in karst soils. Soil Biol Biochem 159:108286. https://doi.org/
10.1016/j.soilbio.2021.108286.

14. Bao P, Li GX. 2017. Sulfur-driven iron reduction coupled to anaerobic am-
monium oxidation. Environ Sci Technol 51:6691–6698. https://doi.org/10
.1021/acs.est.6b05971.

15. Huang LM, Thompson A, Zhang GL, Chen LM, Han GZ, Gong ZT.
2015. The use of chronosequences in studies of paddy soil evolution: a
review. Geoderma 237–238:199–210. https://doi.org/10.1016/j.geoderma
.2014.09.007.

Vertical Microbial Assembly in Paddy Soils

March/April 2022 Volume 7 Issue 2 e01047-21 msystems.asm.org 13

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

sy
st

em
s 

on
 2

4 
A

ug
us

t 2
02

2 
by

 1
31

.2
11

.1
05

.1
2.

https://doi.org/10.1016/j.rhisph.2019.100145
https://doi.org/10.1016/j.rhisph.2019.100145
https://doi.org/10.1111/j.1462-2920.2005.00700.x
https://doi.org/10.1111/j.1462-2920.2005.00700.x
https://doi.org/10.1038/ismej.2014.159
https://doi.org/10.1186/s40168-020-00858-1
https://doi.org/10.1186/s40168-020-00858-1
https://doi.org/10.1038/ncomms10541
https://doi.org/10.1038/ncomms10541
https://doi.org/10.1016/j.soilbio.2018.12.028
https://doi.org/10.1016/j.soilbio.2018.12.028
https://doi.org/10.1128/mSystems.00704-19
https://doi.org/10.1016/j.soilbio.2012.03.011
https://doi.org/10.1016/S0038-0717(02)00251-1
https://doi.org/10.1016/j.soilbio.2017.10.024
https://doi.org/10.1128/mSystems.00298-20
https://doi.org/10.1186/s40168-018-0526-0
https://doi.org/10.1186/s40168-018-0526-0
https://doi.org/10.1016/j.soilbio.2021.108286
https://doi.org/10.1016/j.soilbio.2021.108286
https://doi.org/10.1021/acs.est.6b05971
https://doi.org/10.1021/acs.est.6b05971
https://doi.org/10.1016/j.geoderma.2014.09.007
https://doi.org/10.1016/j.geoderma.2014.09.007
https://msystems.asm.org


16. Semenov MV, Chernov TI, Tkhakakhova AK, Zhelezova AD, Ivanova EA,
Kolganova TV, Kutovaya OV. 2018. Distribution of prokaryotic commun-
ities throughout the Chernozem profiles under different land uses for
over a century. Appl Soil Ecol 127:8–18. https://doi.org/10.1016/j.apsoil
.2018.03.002.

17. Kautz T, Amelung W, Ewert F, Gaiser T, Horn R, Jahn R, Javaux M, Kemna
A, Kuzyakov Y, Munch JC, Pätzold S, Peth S, Scherer HW, Schloter M,
Schneider H, Vanderborght J, Vetterlein D, Walter A, Wiesenberg GLB,
Köpke U. 2013. Nutrient acquisition from arable subsoils in temperate cli-
mates: a review. Soil Biol Biochem 57:1003–1022. https://doi.org/10.1016/
j.soilbio.2012.09.014.

18. Yuan P, Peng C, Shi JY, Liu JS, Cai DQ, Wang DF, Shen YH. 2021. Ferrous
ions inhibit Cu uptake and accumulation via inducing iron plaque and
regulating the metabolism of rice plants exposed to CuO nanoparticles.
Environ Sci Nano 8:1456–1468. https://doi.org/10.1039/D0EN01241F.

19. Li X, Sun J, Wang H, Li X, Wang J, Zhang H. 2017. Changes in the soil mi-
crobial phospholipid fatty acid profile with depth in three soil types of
paddy fields in China. Geoderma 290:69–74. https://doi.org/10.1016/j
.geoderma.2016.11.006.

20. Huang J, Sheng X, He L, Huang Z, Wang Q, Zhang Z. 2013. Characteriza-
tion of depth-related changes in bacterial community compositions and
functions of a paddy soil profile. FEMS Microbiol Lett 347:33–42. https://
doi.org/10.1111/1574-6968.12218.

21. Bai R, Wang JT, Deng Y, He JZ, Feng K, Zhang LM. 2017. Microbial commu-
nity and functional structure significantly varied among distinct types of
paddy soils but responded differently along gradients of soil depth layers.
Front Microbiol 8:e00945. https://doi.org/10.3389/fmicb.2017.00945.

22. Barth VP, Reardon CL, Coffey T, Klein AM, McFarland C, Huggins DR,
Sullivan TS. 2018. Stratification of soil chemical and microbial properties
under no-till after liming. Appl Soil Ecol 130:169–177. https://doi.org/10
.1016/j.apsoil.2018.06.001.

23. Richter A, Huallacháin DÓ, Doyle E, Clipson N, Leeuwen JPV, Heuvelink
GB, Creamer RE. 2018. Linking diagnostic features to soil microbial bio-
mass and respiration in agricultural grassland soil: a large-scale study in
Ireland. Eur J Soil Sci 69:414–428. https://doi.org/10.1111/ejss.12551.

24. Zheng Q, Hu Y, Zhang S, Noll L, Böckle T, Dietrich M, Herbold CW, Eichorst
SA, Woebken D, Richter A, Wanek W. 2019. Soil multifunctionality is
affected by the soil environment and by microbial community composi-
tion and diversity. Soil Biol Biochem 136:107521. https://doi.org/10.1016/j
.soilbio.2019.107521.

25. Han LL, Wang Q, Shen JP, Di HJ, Wang JT, Wei WX, Fang YT, Zhang LM, He
JZ. 2019. Multiple factors drive the abundance and diversity of diazotro-
phic community in typical farmland soils of China. FEMS Microbiol Ecol
95:fiz113. https://doi.org/10.1093/femsec/fiz113.

26. Bai R, Xi D, He J-Z, Hu H-W, Fang Y-T, Zhang L-M. 2015. Activity, abun-
dance and community structure of anammox bacteria along depth pro-
files in three different paddy soils. Soil Biol Biochem 91:212–221. https://
doi.org/10.1016/j.soilbio.2015.08.040.

27. Wan X, Gao Q, Zhao J, Feng J, Nostrand DJ, Yang Y, Zhou J. 2020. Biogeo-
graphic patterns of microbial association networks in paddy soil within
eastern China. Soil Biol Biochem 142:107696. https://doi.org/10.1016/j
.soilbio.2019.107696.

28. Wang XM, Teng Y, Tu C, Luo YM, Greening C, Zhang N, Dai SX, Ren WJ,
Zhao L, Li ZG. 2018. Coupling between nitrogen fixation and tetrachloro-
biphenyl dechlorination in a rhizobium-legume symbiosis. Environ Sci
Technol 52:2217–2224. https://doi.org/10.1021/acs.est.7b05667.

29. Kuypers MM, Marchant HK, Kartal B. 2018. The microbial nitrogen-cycling
network. Nat Rev Microbiol 16:263–276. https://doi.org/10.1038/nrmicro
.2018.9.

30. Ding LJ, An L, Li S, Zhang GL, Zhu YG. 2014. Nitrogen loss through anaero-
bic ammonium oxidation coupled to iron reduction from paddy soils in a
chronosequence. Environ Sci Technol 48:10641–10647. https://doi.org/10
.1021/es503113s.

31. Sun XX, Kong TL, Haggblom MM, Kolton M, Li FB, Dong YR, Huang YQ, Li
BQ, Sun WM. 2020. Chemolithoautotropic diazotrophy dominates the
nitrogen fixation process in mine tailings. Environ Sci Technol 54:
6082–6093. https://doi.org/10.1021/acs.est.9b07835.

32. Dalla Vecchia E, Suvorova EI, Maillard J, Bernier-Latmani R. 2014. Fe(III)
reduction during pyruvate fermentation by Desulfotomaculum reducens
strain MI-1. Geobiology 12:48–61. https://doi.org/10.1111/gbi.12067.

33. Kwon MJ, Boyanov MI, Antonopoulos DA, Brulc JM, Johnston ER, Skinner
KA, Kemner KM, O’Loughlin EJ. 2014. Effects of dissimilatory sulfate reduc-
tion on Fe-III (hydr)oxide reduction and microbial community development.

Geochim Cosmochim Acta 129:177–190. https://doi.org/10.1016/j.gca.2013
.09.037.

34. Hansel CM, Lentini CJ, Tang YZ, Johnston DT, Wankel SD, Jardine PM.
2015. Dominance of sulfur-fueled iron oxide reduction in low-sulfate
freshwater sediments. ISME J 9:2400–2412. https://doi.org/10.1038/ismej
.2015.50.

35. Sun HF, Shi BY, Lytle DA, Bai YH, Wang DS. 2014. Formation and release
behavior of iron corrosion products under the influence of bacterial com-
munities in a simulated water distribution system. Environ Sci Processes
Impacts 16:576–585. https://doi.org/10.1039/c3em00544e.

36. Wang X, Bei Q, Yang W, Zhang H, Hao J, Qian L, Feng Y, Xie Z. 2020.
Unveiling of active diazotrophs in a flooded rice soil by combination of
NanoSIMS and 15N2-DNA-stable isotope probing. Biol Fertil Soils 56:
1189–1199. https://doi.org/10.1007/s00374-020-01497-2.

37. Ma J, Bei QC, Wang XJ, Lan P, Liu G, Lin XW, Liu Q, Lin ZB, Liu BJ, Zhang
YH, Jin HY, Hu TL, Zhu JG, Xie ZB. 2019. Impacts of Mo application on bio-
logical nitrogen fixation and diazotrophic communities in a flooded rice-
soil system. Sci Total Environ 649:686–694. https://doi.org/10.1016/j
.scitotenv.2018.08.318.

38. Jiang YJ, Liang Y, Li C, Wang F, Sui Y, Suvannang N, Zhou J, Sun B. 2016.
Crop rotations alter bacterial and fungal diversity in paddy soils across
East Asia. Soil Biol Biochem 95:250–261. https://doi.org/10.1016/j.soilbio
.2016.01.007.

39. Eswaran H, Ahrens R, Rice TJ, Stewart BA. 2002. Soil classification: a global
desk reference. CRC Press, Boca Raton, FL.

40. Gong ZT, Zhang GL, Chen ZC. 2007. Pedogenesis and soil taxonomy, 1st
ed. Beijing Science Press, Beijing, China.

41. Delgado-Baquerizo M, Reich PB, Trivedi C, Eldridge DJ, Abades S, Alfaro
FD, Bastida F, Berhe AA, Cutler NA, Gallardo A, García-Velázquez L, Hart
SC, Hayes PE, He JZ, Hseu ZY, Hu HW, Kirchmair M, Neuhauser S, Pérez CA,
Reed SC, Santos F, Sullivan BW, Trivedi P, Wang JT, Weber-Grullon L,
Williams MA, Singh BK. 2020. Multiple elements of soil biodiversity drive
ecosystem functions across biomes. Nat Ecol Evol 4:210–220. https://doi
.org/10.1038/s41559-019-1084-y.

42. Fierer N. 2017. Embracing the unknown: disentangling the complexities
of the soil microbiome. Nat Rev Microbiol 15:579–590. https://doi.org/10
.1038/nrmicro.2017.87.

43. Wang H, Li X, Li X, Li X, Wang J, Zhang H. 2017. Changes of microbial popu-
lation and N-cycling function genes with depth in three Chinese paddy
soils. PLoS One 12:e0189506. https://doi.org/10.1371/journal.pone.0189506.

44. Li DD, Zhang XY, Green SM, Dungait JAJ, Wen XF, Tang YQ, Guo ZM, Yang
Y, Sun XM, Quine TA. 2018. Nitrogen functional gene activity in soil pro-
files under progressive vegetative recovery after abandonment of agricul-
ture at the Puding Karst Critical Zone Observatory, SW China. Soil Biol Bio-
chem 125:93–102. https://doi.org/10.1016/j.soilbio.2018.07.004.

45. Jobbagy E, Jackson RB. 2001. The distribution of soil nutrients with depth:
global patterns and the imprint of plants. Biogeochemistry 53:51–77.
https://doi.org/10.1023/A:1010760720215.

46. Fan K, Delgado-Baquerizo M, Guo X, Wang D, Wu Y, Zhu M, Yu W, Yao H,
Zhu Y-G, Chu H. 2019. Suppressed N fixation and diazotrophs after four dec-
ades of fertilization. Microbiome 7:143. https://doi.org/10.1186/s40168-019
-0757-8.

47. Hori T, Muller A, Igarashi Y, Conrad R, Friedrich MW. 2010. Identification of
iron-reducing microorganisms in anoxic rice paddy soil by 13C-acetate
probing. ISME J 4:267–278. https://doi.org/10.1038/ismej.2009.100.

48. Jiang J, Dai ZX, Sun R, Zhao ZJ, Dong Y, Hong ZN, Xu RK. 2017. Evaluation
of ferrolysis in arsenate adsorption on the paddy soil derived from an oxi-
sol. Chemosphere 179:232–241. https://doi.org/10.1016/j.chemosphere
.2017.03.115.

49. Huang Y-M, Straub D, Blackwell N, Kappler A, Kleindienst S. 2021. Meta-
omics reveal Gallionellaceae and Rhodanobacter as interdependent key
players for Fe(II) oxidation and nitrate reduction in the autotrophic
enrichment culture KS. Applied Environ Microbiol 87:e0049621. https://
doi.org/10.1128/AEM.00496-21.

50. Ge XX, Vaccaro BJ, Thorgersen MP, Poole FL, Majumder EL, Zane GM, De
Leon KB, Lancaster WA, Moon JW, Paradis CJ, von Netzer F, Stahl DA,
Adams PD, Arkin AP, Wall JD, Hazen TC, Adams MWW. 2019. Iron- and alu-
minium-induced depletion of molybdenum in acidic environments
impedes the nitrogen cycle. Environ Microbiol 21:152–163. https://doi
.org/10.1111/1462-2920.14435.

51. Wang H, Guo CL, Yang CF, Lu GN, Chen MQ, Dang Z. 2016. Distribution
and diversity of bacterial communities and sulphate-reducing bacteria in
a paddy soil irrigated with acid mine drainage. J Appl Microbiol 121:
196–206. https://doi.org/10.1111/jam.13143.

Wang et al.

March/April 2022 Volume 7 Issue 2 e01047-21 msystems.asm.org 14

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

sy
st

em
s 

on
 2

4 
A

ug
us

t 2
02

2 
by

 1
31

.2
11

.1
05

.1
2.

https://doi.org/10.1016/j.apsoil.2018.03.002
https://doi.org/10.1016/j.apsoil.2018.03.002
https://doi.org/10.1016/j.soilbio.2012.09.014
https://doi.org/10.1016/j.soilbio.2012.09.014
https://doi.org/10.1039/D0EN01241F
https://doi.org/10.1016/j.geoderma.2016.11.006
https://doi.org/10.1016/j.geoderma.2016.11.006
https://doi.org/10.1111/1574-6968.12218
https://doi.org/10.1111/1574-6968.12218
https://doi.org/10.3389/fmicb.2017.00945
https://doi.org/10.1016/j.apsoil.2018.06.001
https://doi.org/10.1016/j.apsoil.2018.06.001
https://doi.org/10.1111/ejss.12551
https://doi.org/10.1016/j.soilbio.2019.107521
https://doi.org/10.1016/j.soilbio.2019.107521
https://doi.org/10.1093/femsec/fiz113
https://doi.org/10.1016/j.soilbio.2015.08.040
https://doi.org/10.1016/j.soilbio.2015.08.040
https://doi.org/10.1016/j.soilbio.2019.107696
https://doi.org/10.1016/j.soilbio.2019.107696
https://doi.org/10.1021/acs.est.7b05667
https://doi.org/10.1038/nrmicro.2018.9
https://doi.org/10.1038/nrmicro.2018.9
https://doi.org/10.1021/es503113s
https://doi.org/10.1021/es503113s
https://doi.org/10.1021/acs.est.9b07835
https://doi.org/10.1111/gbi.12067
https://doi.org/10.1016/j.gca.2013.09.037
https://doi.org/10.1016/j.gca.2013.09.037
https://doi.org/10.1038/ismej.2015.50
https://doi.org/10.1038/ismej.2015.50
https://doi.org/10.1039/c3em00544e
https://doi.org/10.1007/s00374-020-01497-2
https://doi.org/10.1016/j.scitotenv.2018.08.318
https://doi.org/10.1016/j.scitotenv.2018.08.318
https://doi.org/10.1016/j.soilbio.2016.01.007
https://doi.org/10.1016/j.soilbio.2016.01.007
https://doi.org/10.1038/s41559-019-1084-y
https://doi.org/10.1038/s41559-019-1084-y
https://doi.org/10.1038/nrmicro.2017.87
https://doi.org/10.1038/nrmicro.2017.87
https://doi.org/10.1371/journal.pone.0189506
https://doi.org/10.1016/j.soilbio.2018.07.004
https://doi.org/10.1023/A:1010760720215
https://doi.org/10.1186/s40168-019-0757-8
https://doi.org/10.1186/s40168-019-0757-8
https://doi.org/10.1038/ismej.2009.100
https://doi.org/10.1016/j.chemosphere.2017.03.115
https://doi.org/10.1016/j.chemosphere.2017.03.115
https://doi.org/10.1128/AEM.00496-21
https://doi.org/10.1128/AEM.00496-21
https://doi.org/10.1111/1462-2920.14435
https://doi.org/10.1111/1462-2920.14435
https://doi.org/10.1111/jam.13143
https://msystems.asm.org


52. Navarrete A, Kuramae E, De Hollander M, Pijl A, Van Veen J, Tsai S. 2013.
Acidobacterial community responses to agricultural management of soy-
bean in Amazon forest soils. FEMS Microbiol Ecol 83:607–621. https://doi
.org/10.1111/1574-6941.12018.

53. Kielak A, Barreto C, Kowalchuk G, van Veen J, Kuramae E. 2016. The ecol-
ogy of Acidobacteria: moving beyond genes and genomes. Front Micro-
biol 7:744. https://doi.org/10.3389/fmicb.2016.00744.

54. Costa O, De Hollander M, Pijl A, Liu B, Kuramae E. 2020. Cultivation-inde-
pendent and cultivation-dependent metagenomes reveal genetic and
enzymatic potential of microbial community involved in the degradation
of a complex microbial polymer. Microbiome 8:76. https://doi.org/10
.1186/s40168-020-00836-7.

55. Drescher GL, Silva LS, Sarfaraz Q, Roberts TL, Nicoloso FT, Schwalbert R,
Marques ACR. 2020. Available nitrogen in paddy soils depth: influence on
rice root morphology and plant nutrition. J Soil Sci Plant Nutr 20:
1029–1041. https://doi.org/10.1007/s42729-020-00190-5.

56. Dai X, Song D, Guo Q, Zhou W, Liu G, Ma R, Liang G, He P, Sun G, Yuan F,
Liu Z. 2021. Predicting the influence of fertilization regimes on potential
N fixation through their effect on free-living diazotrophic community
structure in double rice cropping systems. Soil Biol Biochem 156:108220.
https://doi.org/10.1016/j.soilbio.2021.108220.

57. Jiang XJ, Liu W, Liu Q, Jia ZJ, Wright AL, Cao ZH. 2013. Soil N mineraliza-
tion, nitrification and dynamic changes in abundance of ammonia-oxidiz-
ing bacteria and archaea along a 2000 year chronosequence of rice culti-
vation. Plant Soil 365:59–68. https://doi.org/10.1007/s11104-012-1377-2.

58. Yang WH, Weber KA, Silver WL. 2012. Nitrogen loss from soil through an-
aerobic ammonium oxidation coupled to iron reduction. Nat Geosci 5:
538–541. https://doi.org/10.1038/ngeo1530.

59. Barron AR, Wurzburger N, Bellenger JP, Wright SJ, Kraepiel AML, Hedin
LO. 2009. Molybdenum limitation of asymbiotic nitrogen fixation in tropi-
cal forest soils. Nat Geosci 2:42–45. https://doi.org/10.1038/ngeo366.

60. Chung EJ, Park TS, Kim KH, Jeon CO, Lee H-I, Chang W-S, Aslam Z, Chung
YR. 2015. Nitrospirillum irinus sp. nov., a diazotrophic bacterium isolated
from the rhizosphere soil of Iris and emended description of the genus
Nitrospirillum. Antonie Van Leeuwenhoek 108:721–729. https://doi.org/10
.1007/s10482-015-0528-x.

61. Paungfoo-Lonhienne C, Lonhienne TGA, Kit Yeoh Y, Donose BC, Webb RI,
Parsons J, Liao W, Sagulenko E, Lakshmanan P, Hugenholtz P, Schmidt S,
Ragan MA. 2016. Crosstalk between sugarcane and a plant-growth pro-
moting Burkholderia species. Sci Rep 6:37389. https://doi.org/10.1038/
srep37389.

62. Limmer C, Drake HL. 1996. Non-symbiotic N2-fixation in acidic and pH-
neutral forest soils: aerobic and anaerobic differentials. Soil Biol Biochem
28:177–183. https://doi.org/10.1016/0038-0717(95)00118-2.

63. Treude N, Rosencrantz D, Liesack W, Schnell S. 2003. Strain FAc12, a dis-
similatory iron-reducing member of the Anaeromyxobacter sub-group of

Myxococcales. FEMS Microbiol Ecol 44:261–269. https://doi.org/10.1016/
S0168-6496(03)00048-5.

64. Jia R, Wang K, Li L, Qu Z, Shen W, Qu D. 2020. Abundance and community
succession of nitrogen-fixing bacteria in ferrihydrite enriched cultures of
paddy soils is closely related to Fe(III)-reduction. Sci Total Environ 720:
137633. https://doi.org/10.1016/j.scitotenv.2020.137633.

65. Green SJ, Prakash O, Jasrotia P, Overholt WA, Cardenas E, Hubbard D, Tiedje
JM, Watson DB, Schadt CW, Brooks SC, Kostka JE. 2012. Denitrifying bacteria
from the genus Rhodanobacter dominate bacterial communities in the
highly contaminated subsurface of a nuclear legacy waste site. Appl Environ
Microbiol 78:1039–1047. https://doi.org/10.1128/AEM.06435-11.

66. Desai MS, Assig K, Dattagupta S. 2013. Nitrogen fixation in distinct micro-
bial niches within a chemoautotrophy-driven cave ecosystem. ISME J 7:
2411–2423. https://doi.org/10.1038/ismej.2013.126.

67. Berthrong ST, Yeager CM, Gallegos-Graves L, Steven B, Eichorst SA,
Jackson RB, Kuske CR. 2014. Nitrogen fertilization has a stronger effect on
soil nitrogen-fixing bacterial communities than elevated atmospheric
CO2. Appl Environ Microbiol 80:3103–3112. https://doi.org/10.1128/AEM
.04034-13.

68. Liu PF, Pommerenke B, Conrad R. 2018. Identification of Syntrophobacter-
aceae as major acetate-degrading sulfate reducing bacteria in Italian
paddy soil. Environ Microbiol 20:337–354. https://doi.org/10.1111/1462
-2920.14001.

69. Bell E, Lamminmaki T, Alneberg J, Andersson AF, Qian C, Xiong WL,
Hettich RL, Frutschi M, Bernier-Latmani R. 2020. Active sulfur cycling in
the terrestrial deep subsurface. ISME J 14:1260–1272. https://doi.org/10
.1038/s41396-020-0602-x.

70. Yang X, Yuan J, Li N, Franks AE, Shentu J, Luo Y, Xu J, He Y. 2021. Loss of
microbial diversity does not decrease g-HCH degradation but increases
methanogenesis in flooded paddy soil. Soil Biol Biochem 156:108210.
https://doi.org/10.1016/j.soilbio.2021.108210.

71. Christopher R, Alexander M, Hermann B. 2002. Biodiversity of denitrifying
and dinitrogen-fixing bacteria in an acid forest soil. Applied Environ Micro-
biol 68:3818–3829. https://doi.org/10.1128/AEM.68.8.3818-3829.2002.

72. Maestre FT, Quero JL, Gotelli NJ, Escudero A, Ochoa V, Delgado-Baquerizo
M, García-Gómez M, Bowker MA, Soliveres S, Escolar C, García-Palacios P,
Berdugo M, Valencia E, Gozalo B, Gallardo A, Aguilera L, Arredondo T,
Blones J, Boeken B, Bran D, Conceição AA, Cabrera O, Chaieb M, Derak M,
Eldridge DJ, Espinosa CI, Florentino A, Gaitán J, Gatica MG, Ghiloufi W,
Gómez-González S, Gutiérrez JR, Hernández RM, Huang X, Huber-
Sannwald E, Jankju M, Miriti M, Monerris J, Mau RL, Morici E, Naseri K,
Ospina A, Polo V, Prina A, Pucheta E, Ramírez-Collantes DA, Romão R,
Tighe M, Torres-Díaz C, Val J, et al. 2012. Plant species richness and eco-
system multifunctionality in global drylands. Science 335:214–218.
https://doi.org/10.1126/science.1215442.

Vertical Microbial Assembly in Paddy Soils

March/April 2022 Volume 7 Issue 2 e01047-21 msystems.asm.org 15

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

sy
st

em
s 

on
 2

4 
A

ug
us

t 2
02

2 
by

 1
31

.2
11

.1
05

.1
2.

https://doi.org/10.1111/1574-6941.12018
https://doi.org/10.1111/1574-6941.12018
https://doi.org/10.3389/fmicb.2016.00744
https://doi.org/10.1186/s40168-020-00836-7
https://doi.org/10.1186/s40168-020-00836-7
https://doi.org/10.1007/s42729-020-00190-5
https://doi.org/10.1016/j.soilbio.2021.108220
https://doi.org/10.1007/s11104-012-1377-2
https://doi.org/10.1038/ngeo1530
https://doi.org/10.1038/ngeo366
https://doi.org/10.1007/s10482-015-0528-x
https://doi.org/10.1007/s10482-015-0528-x
https://doi.org/10.1038/srep37389
https://doi.org/10.1038/srep37389
https://doi.org/10.1016/0038-0717(95)00118-2
https://doi.org/10.1016/S0168-6496(03)00048-5
https://doi.org/10.1016/S0168-6496(03)00048-5
https://doi.org/10.1016/j.scitotenv.2020.137633
https://doi.org/10.1128/AEM.06435-11
https://doi.org/10.1038/ismej.2013.126
https://doi.org/10.1128/AEM.04034-13
https://doi.org/10.1128/AEM.04034-13
https://doi.org/10.1111/1462-2920.14001
https://doi.org/10.1111/1462-2920.14001
https://doi.org/10.1038/s41396-020-0602-x
https://doi.org/10.1038/s41396-020-0602-x
https://doi.org/10.1016/j.soilbio.2021.108210
https://doi.org/10.1128/AEM.68.8.3818-3829.2002
https://doi.org/10.1126/science.1215442
https://msystems.asm.org

	RESULTS
	Edaphic characteristics throughout the profiles of the two paddy soil types.
	Divergent assembly patterns of microbial communities throughout the profiles of the two soil types.
	Environmental factors shape microbial assembly.
	Impacts of soil depth and type on edaphic properties and microbial community assembly.
	Identification of discriminant microbial taxa characterizing soil types.
	Contributions of edaphic and microbial variables to the differentiation of soil N and Fe cycling processes.

	DISCUSSION
	Conclusions.

	MATERIALS AND METHODS
	Soil sampling.
	DNA extraction, high-throughput sequencing, and qPCR.
	Data analysis.
	Assessing N and Fe cycling indices.
	Random forest.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

